Visual exploration is organized in sequences of saccadic eye movements that depend on both perceptual and cognitive context. Using functional magnetic resonance imaging, we studied the neural basis of sequential oculomotor behavior and its dependence on different types of memory by analyzing cerebral activity during performance of newly learned and familiar sequences of eye movements. Compared to a resting condition, both types of sequences activated a common fronto-parietal network, including frontal and supplementary eye fields, and several parietal areas. Within this network, newly learned sequences induced stronger activation than familiar sequences, probably reflecting higher attentional demands. In addition, specific regions were recruited for the performance of new sequences, including pre-supplementary eye fields, the precuneus and the caudate nucleus. This indicates that in addition to attentional modulation, novelty of saccadic sequences requires specific cortical resources, probably related to effortful sequence preparation and coordination as well as to spatial working memory. For familiar sequences, recalled from long-term memory, we observed specific right medial temporo-occipital activation in the vicinity of the boundary between the parahippocampal and lingual gyri, as well as an activation site in the parieto-occipital fissure. We conclude that neuronal resources recruited by the gaze system can change with the familiarity of the scanpath to be executed. This study is important to better understand how the brain implements memorized scanpaths for visual exploration and orienting.
Introduction
Visual exploration consists of a succession of saccades, which can follow stereotyped, even idiosyncratic, paths -scanpathsthat depend upon both visual features and cognitive components (Yarbus, 1967; Andrews and Coppola, 1999) . Scanpaths take the form of programmed sequences of saccades rather than successions of individually programmed eye movements (Zingale and Kowler, 1987) . They play an active role in perception, recognition and mental imagery of visual scenes, and are related to previously made scans -and thus experience and memory (Yarbus, 1967; Noton and Stark, 1971; Brandt and Stark, 1997; Liversdedge and Findlay, 2000) . The present study aimed at investigating the neural basis for the spatio-motor component of scanpath memory. For that purpose, we tried to reduce as much as possible any form of episodic memory due to the recall of the visual scene. We tested whether the performance of well-practiced scanpaths -such as those used in familiar contexts -and new scanpaths -such as those used in unfamiliar environments -recruit similar brain resources. Thus, we tested whether procedural learning of a saccadic sequence modulates oculomotor brain activity.
Numerous studies have shown that practice of a manual sequence can improve performance and modify corresponding brain activity (Grafton et al., 1992; Jenkins et al., 1994; Hikosaka et al., 1996) . The effect of practice is ref lected at two levels that have to be controlled in studies of sequential movementprocessing. First, a global learning phase is characterized by an improvement in the execution of any new sequences when the subject is trained to learn new sequences (Passingham, 1993; Hikosaka et al., 1995) , and this is accompanied by modulation of the movement-related brain activation (Karni et al., 1995) . Second, sequence-specific 'procedural' learning occurs with repeated execution of a single sequence. Familiar (i.e. overpracticed) and novel manual sequences are associated with different patterns of cerebral activation, presumably ref lecting the degree of procedural learning and the use of different modes of memory Doyon et al., 1996; Juepner et al., 1997a) .
The neural basis of oculomotor sequence learning and memory has been investigated only in two previous positrons emission tomography (PET) studies. Petit et al. (Petit et al., 1996) investigated the recall from short-term memory of oculomotor sequences in darkness compared with endogenous saccades, while Kawashima et al. (Kawashima et al., 1998) concentrated on the initial learning phase of visually-guided sequences (serial reaction time paradigm, trials 3-9) compared with single ref lexive saccades. Both studies reported activity in the presupplementary motor area (pre-SM A), the deep intraparietal sulcus (IPS) and the precuneus. However, the exact role of these regions in oculomotor sequence execution and memory remains to be defined. Activation in pre-SMA and parietal areas could be involved in either (i) the sequential nature of the task; (ii) and/or global learning, in which subjects become familiar with the experimental task itself; (iii) or the processing of new oculomotor sequences. In the first two cases, activity in pre-SMA, precuneus and IPS should not be inf luenced by the familiarity of the performed sequence. In the third case, however, activity in these regions might be less pronounced -or even absentduring the execution of automatic sequences recalled from long-term memory as compared with the execution of unfamiliar sequences requiring short-term memory. To our knowledge, no study has investigated activation in these regions when the performed oculomotor sequences become familiar.
The goal of the present study was to investigate the effect of previous learning on the performance of saccadic sequences, using functional magnetic resonance imaging (fMRI). We compared brain regions activated during performance of familiar (repeated several hundred of times) as opposed to newly learned saccadic sequences. Our hypothesis was that the brain activation patterns should differ since (i) performing familiar sequences involves automatic processes and recall from long-term memory; and (ii) performing new sequences requires use of short-term memory and presumably resources for the implementation or consolidation of a procedure (Curran and Keele, 2000) . Training for several days allowed subjects to become familiarized with a particular sequence, and ensured that by the time of the scans, the global task-learning was essentially finished. Thus, we could conclude that any difference obser ved in brain activation between the performance of new and familiar sequences was specifically related to the sequence order and thus to the type of memory used.
Human Cortical Networks for New and Familiar Sequences of Saccades

Materials and Methods
Behavioral Task: Subjects and General Design Ten right-handed healthy female subjects, aged between 22 and 30 years, with normal vision and without history of neurological disorders, gave their informed consent to participate in this study. The study was in line with the Declarations of Helsinki and approved by the French National Ethical Committee. The experiment was divided into two parts: (i) a 4 day training period in which subjects were familiarized with the experimental paradigm and were extensively trained with a specific sequence; and (ii) a functional imaging session on day 5, in which subjects performed both familiar and new saccadic sequences. A saccadic sequence consisted of five horizontal saccades to five possible target locations, indicated by empty green squares on a black screen (Fig.1) . Target locations were separated by a 4°visual angle. The amplitude of saccades could therefore be 4, 8, 12 or 16°. Every sequence ended at the central target position. The squares indicating target locations remained on the screen to ensure comparable saccadic amplitudes for new and familiar sequences.
Every sequence was introduced by successively lighting one of the five target squares (a square filled with dim green light). Subjects were asked to track these targets with their eyes and to memorize the sequence at the same time. This 'visually guided' (V) part was performed four times for each sequence. Afterwards, subjects had to perform the sequence four times from memory (M condition). The succession of V and M conditions for a given sequence was named a 'sequence set' (see Fig.  1A ,B). The frequency of saccades was fixed to one saccade every 930 ms (1.07 Hz), paced by an audio signal. Subjects were instructed to wait for the audio signal before executing the next saccade, which allowed us to control for response rate and thus made both types of sequence comparable. The rhythm was chosen on the basis of pilot studies to ensure comfortable performance. It is compatible with the rate of natural scanning saccades. In addition, the amplitudes chosen for the saccadic sequences were in the same range as natural saccadic amplitudes during scene exploration (Bahill et al., 1975; Andrews and Coppola, 1999) .
Two kinds of sequence sets were tested: a 'familiar' (Fam) set that subjects extensively practiced the days before the main experiment in the scanner (>400 repetitions); and several unfamiliar sequence sets (New). New sequence sets presented during fMRI scanning differed from those during training, and each was presented only once to ensure its novelty. As a whole, sequences were balanced with respect to the number of leftward and rightward saccades and amplitudes (i.e. two saccades in one direction in three in the other for each sequence; no more than three saccades of the same amplitude in a sequence). Forty-five different New sequences were used in the whole experiment. The Fam sequence set was the one shown in Figure 1A for five subjects; the mirror sequence was presented for the five remaining subjects.
Learning and Psychophysical Measurements
Subjects underwent daily hour-long training sessions on four consecutive days. Every session consisted of three different training steps. First, subjects repeated an alternation of Fam and New sequence sets, in the way described above. This first training step was designed to familiarize subjects with the general task ('learn to remember sequences of saccades'), and with the alternation of familiar and new sequence sets. In the second training step, the Fam sequence set was repeatedly performed alone, eight times in a row, to extensively train subjects in this sequence. In the third training step, subjects repeated the task with alternated Fam and New sets, but this time, no audio signal was given, and subjects were instructed during the memor y part to execute within 20 s as many repetitions of the sequence as possible without error. This last training step provided us with a daily measure of the degree of learning (Kihlstrom, 1987; Passingham, 1993; Schlaug, 1994) .
During training, horizontal and vertical eye movements were recorded, using an infrared ref lector system that tracks the boundary between iris and sclera (IRIS, Skalar, Netherlands; optimal precision 1/30°, frequency range 0-100 Hz).
Eye Movements Analysis
Eye movement recordings during training were low-pass filtered and vertical eye movements were used to eliminate artifacts due to eye blinks. Horizontal saccades were defined as eye movements with an initial velocity of >20°/s (Zuber et al., 1965) . Saccades were categorized as 'large' if they had an amplitude of >3°; the remaining 'small saccades' were interpreted as correction saccades. The latency of a saccade was defined as the delay between audio signal and saccade onset. Spatial accuracy was calculated as the difference between target location and the landing point of a saccade (before any correction saccade occurred). Each saccade that did not land within the square delimiting the correct target location in the sequence was considered an error. The error rate was calculated as the number of errors over the total number of saccades.
fMRI Design
Imaging was performed with a 3 T whole-body scanner (Bruker) equipped with a quadrature birdcage RF coil and a head-gradient coil insert designed for echo-planar imaging (EPI). Functional images were collected using a T2*-weighted gradient-echo EPI sequence (24 contiguous 5-mm-thick axial slices, T R = 5s, T E = 40 ms; voxel size: 3 × 4.7 × 5 mm 3 ). High-resolution images (T1-weighted, voxel size: 1.5 × 2 × 1 mm 3 ) were acquired for three-dimensional anatomical identification. Subjects lay supine and had their head fixed using foam rubber. Computer-controlled visual stimuli were displayed via an LED projector on a semi-transparent screen placed behind the scanner. Subjects looked at this screen through mirror glasses. Earphones protected subjects against the scanner noise and facilitated the detection of the audio trigger signal.
An experimental time series consisted of three familiar sequence sets executed alternatively with three different new sequence sets (see Fig. 1 ). As in the training period, three different New sequences were used within one experimental time series. Consecutive sets were separated by 10 s periods of a control condition. During control, subjects relaxed while keeping their eyes fixed on the central target. The visual display as well as the audio pacing remained the same as during the condition for memoryguided saccades; the only difference between this latter condition and the resting control was thus saccadic performance. A time series began with 20 s of rest (four images), followed by the acquisition of 64 images of the whole brain. Each subject performed three experimental time series.
Unfortunately eye movements could not be recorded online in our EPI coil with the required precision (i.e. minimum 1°). Indeed, the devices available either disturbed the fMRI images or showed spatial resolution worse than 3°. However, the extensive training made us confident that the subjects were performing well in the task. Just before the scan we asked subjects to execute one familiar sequence set and made sure that they had an explicit knowledge of the sequence. In addition, during debriefing after scanning, subjects did not feel they had performed differently in the scanner than during previous training.
fMRI Analysis
Data were analyzed with the non-commercial software SPM99 (Wellcome Department of Cognitive Neurology, London). A fter reconstruction, images were assessed to estimate translations and rotations. We checked that movement within a session did no exceed 4 mm/2°for every subject. In order to correct for this, and for between-sessions movement, all functional images were registered to the last image of the last session (the closest in time to the anatomical scan), using sinc-interpolation methods. Then, functional and anatomical images of every subject were spatially transformed into Talairach space (Montreal Neurological Institute template) (Evans et al., 1994) to allow a group analysis. Transformation parameters were calculated on anatomical images using sinc-interpolation method. Anatomical images were resampled to 1.5 × 1.5 × 1.5 voxels and functional images to 4 × 4 × 4 voxels. These normalized functional images were then spatially smoothed using a discrete convolution with a Gaussian kernel of 8 × 8 × 8 mm full width at half maximum (FWHM). The first four images of each time series were discarded to ensure that a steady-state signal was reached. Pixel time series were temporally smoothed with a low-pass Gaussian kernel of 4 s FWHM to obtain better a priori information on the temporal variance/ covariance structure of the data and increase hemodynamic variance components with a neuronal basis, relative to other components (Friston et al. 1995b) . Scaling factors were applied to obtain the same average signal in the all-time series, and the group analysis was based on a fixed effects model. Statistical pixel-by-pixel analysis was performed on a temporal basis model that assigned two regressors to each of the five conditions (Fam-V; Fam-M; New-V; New-M; Rest) (Friston et al., 1995a) . Low-frequency changes over time were filtered out using a high-pass filter with a cut-off frequency of 1/180 Hz. F-and t-maps were calculated and superimposed on a mean anatomical image from the normalized individual three-dimensional anatomical images. Activations were taken as significant for report if they exceeded a Z-value of >4.5 (P < 0.05 after correction for multiple comparison). To obtain more precise information on the anatomical location of the functional regions of interest, individual analysis was performed for each subject on non-normalized images, using a spatial smoothing of 4 mm.
Results
Psychophysics
Familiar and New Sequence Performance in the Audio-triggered Conditions
On the last day of training, subjects repeated both familiar and new sequences with high performance (error rates ranging from 0 to 1% for familiar and from 0 to 8% for new sequences). At that time, there was no significant difference between the performance of familiar and new sequences with respect to spatial accuracy for both M-and V-conditions (paired t-test, P > 0.1). For the memory-guided condition, neither velocities nor latencies nor the total number of saccades differed between familiar and new sequences (paired t-test, P > 0.1), except for one subject who made more correction saccades for new sequences. The functional data of this subject were therefore excluded from the brain imaging analysis to avoid data misinterpretation by differential saccadic rates for familiar and new sequence sets. In the V-condition we observed significant (paired t-test, P < 0.01) increased latency, slower velocity and higher number of saccades for new compared with familiar sequences
Sequence-specific and Sequence-unspecific Learning Assessed in the No-trigger Condition
Data for the situation without trigger (training condition 3, see Materials and Methods) were analyzed for eight subjects, since these data sets were lost for two subjects for technical reasons. Learning effects were assessed on the basis of two parameters. First, we calculated the number of sequences that could be completed from memory within 20 s, since the speed of execution is supposed to be an indicator of the degree of learning (Passingham, 1993; Karni et al., 1995) . Second, error rates were analyzed to estimate the difficulty of the tasks. The mean number of executed sequence repetitions within 20 s on day 1 of training ranged from 4 to 8 for familiar (corresponding to a saccadic frequency of 1-2 Hz) and from 2.2 to 6.2 for new sequences (0.55-1.55 Hz). Already at this stage of training sequence-specific learning effects were obser ved, leading to better performance for familiar than for new sequences. On day 4, the repetition rate ranged from 4.6 to 11.2 repetitions for familiar (1.15-2.8 Hz) and from 4 to 9 repetitions for new sequences (1 to 2.25 Hz). Figure 2 shows the mean number of completed sequences and error rates across the 4 days of training. Comparing days 1 and 4 revealed global learning effects that were expressed in a significant increase in the number of completed sequences from memory ( Fig. 2A ) and a decrease of error rates (Fig. 2B) for both familiar and new sequences (Wilcoxon, P ≤ 0.001). We refer to this type of learning effect as 'global', since the same significant tendency was observed for both familiar and new sequences. Moreover, sequence-specific learning was ref lected in faster and more accurate performance of familiar compared with new sequences (Wilcoxon, P ≤ 0.001 for day 4).
Altogether these observations showed that at the end of the training period (i) subjects acquired all routines relevant to the task; (ii) sequence-specific learning had occurred and could be revealed in the triggerless task; and (iii) execution of familiar and new saccadic sequences in the audio-paced memory condition did not differ with respect to the number of saccades, latency or accuracy. We therefore concluded that during recall from memory every activation difference induced by familiar compared with new sequences could be attributable to the familiarity of the executed sequence, and not to sequence-non-specific skill learning or movement rate.
fMRI
For functional data analysis, we concentrated on the memoryguided condition. Audio and visual stimulation were the same during saccadic and resting control condition. Activation obser ved in sequence/rest contrasts thus can be attributable to saccadic sequence execution. In addition, any low-level interaction between audio-cueing and saccadic execution are comparable in new and familiar sequence conditions since the saccadic latencies did not differ. We did not analyze the V-condition, since V-New induced higher numbers of saccades and longer latencies than V-Fam. Thus, we would not have been able to distinguish between activation changes due to learning effects and those due to basic components of saccadic execution such as saccadic rate and rhythm. Indeed, rhythm and rate of movements are known to change cortical activation in motor and premotor areas (Rao et al., 1993; VanMeter et al., 1995; Schlaug et al., 1996) .
The following report focuses mainly on group data. However, anatomical precision given in text or tables may rely on obser vations made on individual maps, as will be indicated. References to activation found in both group-averaged and individual data sets are based on statistical maps thresholded at P < 0.05 corrected for multiple comparison (Z > 4.5).
New Sequences-Resting Control
Execution of new sequences compared with resting control activated a cortical network of frontal, prefrontal and parietal areas (Table 1 ) that corresponds well with earlier described oculomotor networks (Anderson et al., 1994; O'Sullivan et al., 1995) et al., 1995) ].
Frontal Eye Fields (FEF).
In the dorsal part of the frontal lobe, we observed two different activation sites in the region of the frontal eye fields (Fig. 3) . The first site was located bilaterally at the intersection of the precentral sulcus with the superior frontal sulcus (SFS). We refer to this medio-dorsal frontal activation site as the dorsomedial FEF (Luna et al., 1998; Lobel et al., 2000) , since it is located in the medial part of the precentral sulcus. The second site was located in the precentral sulcus, extending into the precentral gyrus, and is referred to as the lateral FEF. The lateral and dorsomedial FEFs likely correspond to those described in other recent functional imaging studies of human oculomotor function (Petit et al., 1993 (Petit et al., , 1996 Lang et al., 1994; Paus, 1996; Luna et al., 1998; Heide et al., 1999) . Individual analysis revealed that a dorsomedial FEF site was significantly activated in seven of nine subjects bilaterally and in the left hemisphere only in the two remaining subjects. The lateral site was significantly activated bilaterally in two subjects, only in the left hemisphere in six subjects (including the two showing unilateral left dorsomedial focus) and not at all in one subject. In addition, the group analysis showed a focus within the SFS anterior to the one identified as the dorsomedial FEF.
Supplementary Eye Fields (SEF).
On the dorsal medial wall, one activation site was localized in the descending branch of the paracentral sulcus, previously identified as an anatomical landmark for the supplementary eye field (SEF) in humans (Luna et al., 1998; Grosbras et al., 1999) . A further frontal activation site was observed more rostrally in the superior frontal gyrus, near the upper part of the cingulate sulcus (Fig. 3) . This location Figure 3 . Cortical activation during performance of new and familiar sequences compared with rest. First row: group results (n = 9) superimposed on individual normalized anatomical images. Sulci overlaid: purple = paracentral; pink = central; green = precentral; blue = intraparietal; turquoise = superior frontal. Note on the left view the dissociation between the SEF and pre-SEF. Second row: three-dimensional rendering (some activated voxels deep in sulci are projected on the surface). Voxels with P < 0.05 corrected for multiple comparisons are represented with color scale relative to Z-scores. 1 = pre-SEF; 2 = dorsomedial FEF; 3 = SFS; 4 = SPL; 5 = IPS/superior marginal gyrus (SMG); 6 = precuneus; 7 = angular gyrus.; 8 = SEF; 9 = lateral FEF. Third row: three-dimensional rendering for the contrast Familiar/ rest. has previoulsy been described as pre-SMA, a region related to 'prefrontal' functions such as selection of cognitive sets (Konishi et al., 1998) and distinct from the posterior SMA (SMA proper), which is dedicated more to motor/executive functions (Rizzolatti et al., 1996; Vorobiev et al., 1998) . By analogy, we named the rostral medial-wall region activated by new sequence of saccades the 'pre-SEF' (Petit et al., 1996; Grosbras et al., 1998) . The pre-SEF activation was highly significant (Z = 5.28) in the left hemisphere, and was observed by individual analysis in seven subjects. All but one of these subjects also showed two left FEF foci (dorsomedial + lateral). The corresponding focus in the right hemisphere reached significance in three of the seven subjects, but not in the group-averaged data (Z = 3.1). These three subjects, who exhibited significant right pre-SEF activation, also showed a right dorsomedial FEF activation site, and only one showed a right lateral FEF activation site. All subjects showing pre-SEF activation also had SEF activation in the same hemisphere. The mean distance between SEF and pre-SEF foci in the rostrocaudal (x) dimension was 19.5 mm (SD = 10.5).
Occipital and Parietal Cortex. In the occipital lobe, the posterior part of the calcarine fissure was activated essentially in the left hemisphere.
Several activation sites were observed in the posterior parietal cortex. The most significant activation site was located in the anterior part of the intraparietal sulcus (IPS), deep in the sulcus, at the level of the posterior supramarginal gyrus, between Brodman areas (BA) 7 and 40. It presumably corresponds to the parietal oculomotor location activated in a number of oculomotor paradigms, assumed to be the equivalent of area LIP in monkeys (Müri et al., 1996; Andersen, 1997; Petit et al., 1997; Luna et al., 1998) . This IPS activation extended into a wide part of the superior and inferior parietal lobules (SPL and IPL), as well as into the anterior IPS. Moreover, several activation sites were observed in the parieto-temporo-occipital region, as, for example, at the junction between transverse occipital sulcus and IPS, earlier described as TRIPS (Orban et al., 1999) .
Familiar-Rest
Contrasting brain activity during execution of familiar sequences with activity during Rest revealed activation sites in the dorsomedial and lateral FEF, similar to the activation sites for the contrast New-Rest, but with lower Z-scores (Table 1) . No voxel in the medial wall (SEF) reached significance, but lowering the threshold showed that this region was nevertheless activated [Z = 3.77 for SEF (-12, -8, 60) ], in line with the hypothesis that familiar and new sequence performance activated similar cortical networks. Individual analysis showed that the SEF was nevertheless significantly activated (Z > 4.5) bilaterally in two of nine subjects, and in the left hemisphere only in five subjects. In addition, we observed two activation sites in the left and right middle part of the superior frontal gyrus.
Parietal activation sites for familiar sequence execution were similar to those observed for new sequences, but, as in frontal regions, activity extends less for familiar sequences and reached significance only in the left dorsal middle part of the IPS (see Table 1 ).
The posterior calcarine sulcus was bilaterally activated. In addition, a focus in the medial temporo-occipital cortex was observed near the temporal horn of the lateral ventricle, between the most posterior part of the parahippocampal gyrus and the medio-anterior part of the lingual gyrus. This activation site was located at a place that Insauti et al. (Insauti et al., 1998) used to define the boundary between the occipital and temporal cortex.
Since in most atlases the transition between the occipital and temporal cortex is described as progressive (Von Economo, 1929; Duvernoy, 1992) , we cannot classify the observed activation site as occipital or temporal. Rather, we refer to it as mediotemporo-occipital.
Like in the New-Rest contrast, activation in frontal and parietal areas showed a higher Z-score and reached significance in more individuals in the left hemisphere than in the right hemisphere.
New-Familiar Sequences
Direct comparison between images acquired during reproduction of new sequences with those acquired during familiar sequences (Table 2 ) revealed significant (Z > 4.5) bilateral activation in a fronto-parietal network, already identified in both contrasts New-Rest and Familiar-Rest. Individual variability was observed in both intensity and extent of this activation. Activation of the dorsomedial FEF extended into the SFS, anterior to its junction with the precentral sulcus (see Fig. 4 , center images). In contrast, activation in the lateral FEF site did not show any significant difference between the execution from memory of New and Familiar sequences (Z = 2.75, P > 0.05, uncorrected).
On the medial wall, no significant difference between new and familiar sequences was observed in the part identified as SEF (Z = 2.26 and Z = 2.16 for left and right, respectively; P > 0.05, uncorrected). The pre-SEF, however, was bilaterally significantly more activated during new compared with familiar sequence execution. This pre-SEF region was located very closely but dorsally to the prefrontal part of the cingulate sulcus, with little variability among individuals. Several activation sites in the IPS were significantly more activated during execution of new compared with familiar sequences, extending again into both SPL (BA 7) and IPL (BA 40). In addition, activation was obser ved in sites that were not activated in the contrast New-Rest, including bilateral precuneus and left striatum (tail of caudate nucleus extending into the putamen).
Familiar-New
The contrast Familiar-New revealed significant differences in two small regions (see Table 2 ). The first activation site was the one observed in the medial temporo-occipital cortex of the right hemisphere. The second was seen in the upper (parietal) bench of the right parieto-occipital sulcus, extending medially toward the most posterior part of the cingulate gyrus. Individual analysis revealed that both sites were always activated in common, but reached significance in four of the nine subjects.
Discussion
In this study, we showed that extensive practice of an oculomotor sequence modifies the corresponding pattern of cerebral activation during recall. Execution of familiar and new sequences of saccades largely activated a common network of brain areas, namely FEF, SEF and several parietal areas. Within this network, activity was higher for new sequences, especially in the left hemisphere. Execution of new sequences, recalled from shortterm memory, additionally activated regions such as the pre-SEF, precuneus and striatum that were not obser ved for familiar sequence execution. In contrast, familiar sequences, requiring recall from long-term memory, specifically involved a part of the right parieto-occipital sulcus, as well as a right medial temporo-occipital region. Familiarity thus clearly inf luences the cortical oculomotor network involved in sequential oculomotor behavior.
Behavioral Parameters
The global learning, characterized by improvement in performance of both familiar and new sequences, ref lected the learning of task requirements (Navon, 1978; Passingham, 1993; Hikosaka et al., 1995; Doyon et al., 1996) . It was achieved at the end of the training, allowing us to focus our observations on the sequence-specific recall of familiar compared with new sequences. The ability to perform the familiar sequence faster and with lower error rate than new sequences indicates that sequence-specific learning had occurred, leading to specific consolidation of the internal representation of the familiar sequence. Sequence-specific learning has been shown to involve parallel procedural processes (or implicit learning processes) -revealed by improvement in performance through practice without necessary awareness of skill acquisition -and explicit learning processes -involving conscious representation of the sequence (Perruchet and A morim, 1992; Curran and Keele, 2000) . Given the design of the task, subjects always had to explicitly recall a sequence, irrespective of whether the sequence was new or familiar. The comparison of the two types of sequences thus primarily tested for the effect of implicit procedural learning stage.
Audio-pacing during scanning corresponded to the slowest saccadic rate achieved during prior training without a trigger, and ensured that all subjects performed the task with a high level of performance and with the same rhythm for both types of sequence. All physical parameters were similar for familiar and new sequences tested during the two last days of practice. Thus, based on these observations and given the extensive training, we reasoned that even though we could not directly record subjects' behavior in the scanner, they performed as well during the actual scanning as during the prior training. All activation differences between familiar and new sequence execution from memory could therefore be interpreted in terms of sequencespecific learning and memory.
The Inf luence of Attention to Action in the Oculomotor Network: Fronto-parietal Regions
The first observation was greater global activity during execution of new compared with familiar sequences. It can be excluded that this higher activity was due to higher numbers of saccades, since the motor rate was the same for both sequences, as indicated by behavioral data. Previous studies of manual sequence learning have shown that greater activation in the network involved in sequence execution might be due, at least in part, to the greater general attentional load required by new sequences (Juepner et al., 1997a) . Indeed, effort and concentration on performing the sequence from memory decreased as oculomotor sequences became more automatic, correlating with decreased cortical activity in dorsomedial FEF, SEF and IPS.
Activity in the lateral FEF did not decrease with sequence familiarity, pointing towards functional differences between lateral and dorsomedial FEF. The former might be recruited for more executive functions that are independent of the familiarity of the executed sequence, and that are not modulated by attention.
The observation of brain regions activated specifically for newly learned sequences suggests that those sequences require specialized brain resources independent of attention modulation of oculomotor performance. Analogously Juepner and colleagues (Juepner et al., 1997a) showed that paying attention to their action when executing an overlearned sequence of finger movements is not sufficient to explain the pattern of activity induced by newly learned execution. Other cognitive processes involved in newly learned sequences might explain specific patterns of activation.
Activity Specific of New Sequences: Pre-SEF, Striatum, Precuneus and FEF
The generation of precisely timed saccades, synchronized with audio-pacing, requires greater use of an internal memory store (Barnes and Donelan, 1999) than the generation of precise saccades in familiar sequences. Furthermore, the novelty of the sequence engages spatial working memory resources to keep online the spatial order of the sequence that are not necessary for familiar sequences. This can be ref lected by the extension of frontal activation into the SFS (Haxby et al., 2000) , as well as by extended posterior parietal cortex involvement (Andersen et al., 1993 . Further research is needed to distinguish whether the activation observed in our paradigm is due to working memory, spatial attention or both. Despite the well-known right hemisphere dominance for visuo-spatial abilities, we observed a tendency for a left hemisphere dominance. This might be due to the sequential organization of visuo-spatial shifts in our paradigm. Such an interpretation is in line with lesion and transcranial magnetic stimulation studies showing the necessity of an intact left hemisphere for sequence execution from memory (Jason, 1983; Gaymard et al., 1993; Schluter et al., 1998) .
Involvement of a part of the pre-SM A, which we named pre-SEF, during the execution of newly learned sequences is consistent with previous observations of pre-SM A activation associated with free selection of movements (Deiber et al., 1991) or with the early learning of sequential movements (Hikosaka et al., 1996; Nakamura et al., 1998; Sakai et al., 1998) . Indeed, each step within new sequence execution necessitates selection and planning of the next appropriate saccade on the basis of an internal model for the whole sequence. Two previous PET studies reported activation of a part of the pre-SM A, corresponding to the pre-SEF, during the reproduction of an oculomotor sequence from short-term memory (Petit et al., 1996; Kawashima et al., 1998) . These studies, however, did not allow a definition of the function of this area without ambiguity (see Introduction). Our results now emphasize the preponderant and specific role of the pre-SEF in the oculomotor preparation of new saccadic sequences.
The caudate nucleus was also specifically involved in execution of new sequences. In macaque monkeys, the pre-SMA (area F6) and caudate nucleus are known to be connected via the ventral thalamus (Rizzolatti et al., 1996) , and both have been implicated in motor sequence learning (Hikosaka et al., 1995; Miyachi et al., 1997) . Also, in humans, striatal involvement in new sequence organization and the early phase of procedural learning has been described by functional imaging studies (Juepner et al., 1997b; Rauch, 1997; Toni et al., 1998) and observations in patients with caudate abnormalities (Watkins et al., 1999) or Parkinson's disease (Jackson et al., 1995) . We suggest that this basal ganglia-prefrontal loop is involved in the chronological organization of new eye movement combinations.
Similar to the pre-SEF and caudate nucleus, the medial parietal cortex was activated only in the New-Familiar contrast, in line with earlier findings (Petit et al., 1996) . Activation in the precuneus has been observed during rule-changing (Nagahama et al., 1999) . We suggest that it is important for organizing sequential behavior that follows a certain strategy, and/or to build up an internal representation of extrapersonal space (Ghaem et al., 1997; Maguire et al., 1998) . In such a scenario, the precuneus might feed the prefrontal-caudate loop with motor and perceptual information of the sequence to select the next appropriate saccade.
Saccade selection furthermore seems to recruit the dorsomedial FEF, as suggested by specific FEF neuronal activation in monkeys during natural scanning (Burman and Segraves, 1994) or a laboratory task [see Tehovnik et al. for a review (Tehovnik et al., 2000) ]. These studies suggested that the FEF is involved in the selection of saccadic parameters in a behavioral and visual context. In contrast, the pre-SEF, together with the caudate and precuneus, would be more crucial for the elaboration of motor plans in the context of a spatio-temporal set of movements. Similar sites of activation have been observed in early (but not late) phases of manual sequence learning, especially when the learning was explicit Juepner et al. 1997; Sakai et al., 1998; Toni et al., 1998) . Studies of implicit sequence learning did not show activation in those regions but, in contrast, did in the premotor cortex and cerebellum. Thus we suggest that functions subserved by the pre-SEF, precuneus and caudate when performing newly learned saccadic sequences (namely, programming, movement selection, working memory, build up of internal representation) might be related to the use of a declarative form of memory.
Areas Specialized for Familiar Sequences of Saccades
When familiar sequences were executed, no specific activation within the pre-SEF, precuneus, caudate and SFS could be obser ved, indicating that attention, spatial working memory and selection of action might have been reduced or inhibited. It might also indicate that explicit or declarative knowledge was switched off in favor of a more procedural executive mode when the sequence becomes well learned. The effect of a higher degree of procedural learning might thus be an attenuation of the use of explicit memory.
Some previous studies have shown that extensive practice of a particular sequence produces an increase in primary sensorimotor activation (Karni et al., 1995) . However, we did not obser ve such an increase. This might be for several reasons. First, the system subserving procedural learning of skeletomotor sequences might work differently from that for learning oculomotor sequences. Secondly, one week of practice might not be sufficient to produce sensible neural representation. Thirdly, this activity modulation could have been masked by the attentional modulation, since circuits for attention and for eye movement control do largely overlap (Nobre et al., 1997; Corbetta et al., 1998) .
Interestingly, we obser ved regions specifically involved in the execution of familiar sequences, indicating that recall of saccadic sequences from long-term memory involves specific cortical networks different from those involved in the execution of unfamiliar sequences. One of these regions, located in the parieto-occipital sulcus, might correspond to an area described in monkeys that is implicated in the computation of extraretinal target coordinates and their associated eye movements (Galletti et al., 1995; Wise et al., 1997) . The second activation site was observed at the boundary between the parahippocampal and lingual gyri, presumably related to the most anterior extrastriate activation found for shape processing (Corbetta et al., 1990) , or to the medio-temporal involvement in spatial memory tasks requiring allocentric representation (Ghaem et al., 1997) . This region has not been described before as being involved in oculomotor performance. We suggest that it could be implicated in long-term spatial memory.
In conclusion, this study provides the first evidence that the brain activation associated with the execution of oculomotor scanpaths depends on the familiarity of the executed sequence. Familiarity is ref lected in the reduced activity in an oculomotor network common to all saccadic sequence performance, and in specific activation sites for the execution of either new or familiar sequences. The change from one oculomotor network to another depends on the degree of practice of the sequence, or, in other words, on the stage of procedural learning. We hypothesize that this change corresponds to a transition from an effortful to an automatic processing mode, liberating attentional and working memor y resources for other behavioral needs (Schneider and Shiffrin, 1977) . The two partially overlapping oculomotor networks described in this article are likely to provide a neurophysiological basis of memory for scanpaths in visual scene exploration and orienting (Noton, 1971) .
